Abstract: The potentiality of lanthanide chelates as photoluminescent markers and cleaving agents of nucleic acids is discussed, the main emphasis being on the chelates derived from aromatic nitrogen bases.
Introduction
Lanthanide(lll) ions and their organic chelates constitute a versatile tool in nucleic acid chemistry and molecular biology. On one hand, they may be used as luminescent markers that enable sensitive detection of nucleic acids in DNA-hybridization assays4 or in in situ fluorescence imaging.
On the other hand, lanthanide(lll) ions Eu(lll) and Tb(lll) chelates, the energy transfer from the excited single state of the ligand to its triplet state and further to the metal ion is effective, as shown by the fact that the strongest emission of these chelates is the long-lived luminescence emanating from the metal ion. = With the chelates of the other lanthanide ions, the excited ligand may return to the ground state either with concomitant emission of a prompt ligand luminescence, or without light emission. Eu(lll) and Tb(lll) chelates also have some other properties that make their usage as luminescent markers advantageous: (i) the difference between the wavelength of excitation and main emission is usually large [> 270 nm with Eu(lli) To find an heteroaromatic structure that efficiently absorbs the excitation energy at a long wavelength and transfers it to the coordinated lanthanide ion, the luminescence properties of the Eu(lll) and Tb(lll) chelates of numerous aromatic nitrogen bases bearing two 2,2'-(methylenenitrilo)-his(acetic acid) groups have been compared. s As seen from the data in Table I , 2,2'-bipyridine (5) and 2,2':6',2"-terpyridine derivatives (12) exhibited, as both the Eu(lll) and Tb(lll) chelates, the highest luminescence yields among the ligands studied. Accordingly, they may be regarded as potent energy absorbing moieties for the further development of photoluminescent chelates. With both Iigands (5,12), the excitation takes place at a reasonably high wavelength region, and the lifetime ofluminescence is long. Pyridine, "'s and 1,10-phenanthroline z based photoluminescent chelates In luminescent chelates, the chelating groups also affect the luminescence properties. They extrude water molecules from the inner coordination sphere of the central ion, and hence may be expected to prolong the luminescence life-time and increase the luminescence yield. The chelating groups may also have an influence on the energy level of the triplet state; this is in particular the case with chelating groups that conjugate with the energy absorbing moiety. Table IV Previously, 'z it has been shown that photoluminescent chelates, exhibiting luminescence yields comparable to that of 5 and 12, may be obtained from 2,2'-bipyridine by closing the lanthanide ion inside a cryptate structure consisting of 3 6,6'-dimethylene-2,2'-bipyridine bridges between two nitrogen atoms. Comparison of the decay constants in HO and DO has suggested that the Eu(lll) chelate contains from 2 to 3 water molecules and the Tb(lll) chelate less than one molecule in the inner coordination sphere. It has also been shown that replacing one of the bridging groups by 2 nonbridging 6-methylene-2,2'-bipyrimidine groups, 4 or oxidizing one of the bipyridine units to its N,N'-dioxide, completely protects the lanthanide ion from the interaction with water. The fact that the luminescence life-times of the chelates of 5 and 12 are comparable to those of these cryptate chelates suggests that binding of a lanthanide ion to 2 2,2'-(methylenenitrilo)bis(acetic acid) groups, in addition to 2 or 3 pyridine nitrogens, is sufficient to shield it quite effectively from the solvent molecules.
Attachment of a lanthanide chelate to a biomolecule may considerably change its luminescence properties. This is cleady seen from Table V that lists the excitation maxima, luminescence life-times and luminescence yields for the Eu(lll) and Tb(lll) chelates derived from terpyridine (12), its 4'-substituted derivatives and their protein conjugates. Coupling of the Eu(lll) chelates to proteins via an isothiocyanate or 4,6-dichloro-l,3,5-trlazin-2-ylamino function does not markedly reduce their luminescence. By contrast, the Tb(lll) chelates appear to be in this respect much more sensitive. For example, Insertion of a 2-(4-aminophenyl)ethyl substituent as a tether group at C4' of 12 reduces the K-M. Mukkala, II. Takalo, P. Liitti. J. Kankare, S. Kuusela and H. LOnnberg Metal-Ba,wd Dntgs luminescence yield to about 1% of that of the unsubstituted chelate. This quenching is partly recovered upon further modification of the amino group to isothiocyanato or 4,6-dichloro-l,3,5-triazin-2-ylamino groups and reacting them with proteins. Changes in the triplet state energy may possibly result in an energy leakage from Tb(lll) back to the ligand. The luminescence life-times of the Eu(lll) and Tb(lll) chelates also behave in a very different manner. The life-times of all Eu(lll) chelates remain practically constant, irrespective of the molecular environment. With Tb(lll) chelates, the life-time is considerably decreased upon formation of a protein conjugate. Comparative measurements in DO gave parallel results, and hence the short life-times do not primarily result from hydroxyl quenching, but some other mechanism must operate. Table V: The luminescence yields (x), excitation maxima (ox) and luminescence life-times of the Eu(lll) and Tb(lll) chelates of 4'-substituted 2,2',2",2"'-[(2,2':6',2"-terpyridine-6,6"-diyl)bis(methylenenitrilo)]tetrakis(acetic acids) and their protein" conjugates. bonds of RNA. Most likely the mechanism depicted in Scheme is followed in principle: the metal ion is coordinated to the anionic phosphate group and its hydroxo ligand acts as a general acidbase catalyst, deprotonating the attacking 2'-OH and protonating the departing 5'-0. The pseudoScheme rotation of the phosphorane Intermediate and the subsequent cleavage of the P-O3' bond is not accelerated to a comparable extent, and hence the phosphate migration that in the absence of metal ions occum even faster than the hydrolysis of the phosphodlester bond, becomes a minor side reaction. = However, the details of the mechanism of the lanthanide ion action are obscure. The lanthanide-ion-catalyzed phosphoester hydrolyses typically exhibit curved pH-mte profiles, the reaction order in the hydroxide ion concentration being Increased from 1 to almost on approaching the pH where the precipitation of the metal ion starts (Fig. II) 
